Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is used to measure the concentrations of rare earth elements (REE) in certified standard reference materials including shale and coal. The instrument used in this study is a Perkin Elmer Nexion 300D ICP-MS. The goal of the study is to identify sample preparation and operating conditions that optimized recovery of each element of concern. Additionally, the precision and accuracy of the technique are summarized and the drawbacks and limitations of the method are outlined.
Introduction
Rare earth elements (REE) include the lanthanide series elements (La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) plus Sc and Y. REE have many uses in electronics and clean energy systems and therefore the search for economic concentrations of REE is ongoing. Coal and coal ash are potentially economical sources of REE and many studies of REE concentrations in these materials have been reported.
[1-21] Because REE occur in low concentrations in most geological material [22] [23] [24] , their measurement is not trivial and it is important to optimize sample preparation and measurement methods to reduce uncertainty and maximize recovery.
Two of the most common methods used to analyze REE in geologic materials are Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) and Instrumental Neutron Activation Analyses (INAA). While INAA has the advantage of not requiring sample digestion prior to analysis, time for analysis is longer and detection limits are higher than those currently measured by ICP-MS. [25, 26] A study comparing REE concentrations by both ICP-MS and INAA indicated that the two methods gave comparable results, except for an enrichment of Sm in INAA results. [27] Currently, measurement of REE by ICP-MS following solid sample digestion is the most commonly used analytical technique. [28] Pretreatment of samples, correction standards and other techniques such as Raman and X-ray fluorescence have also been used to measure REE in geological samples. [29] [30] [31] [32] [33] Although the measurement of REE by ICP-MS is demonstrated to be accurate and reproducible, the proper preparation of materials for ICP-MS is crucial for accurate results. A comparative study of REE in geological reference materials using INAA and ICP-MS showed that ICP-MS was more accurate for light REE (La-Gd) compared to heavy REE (Tb-Lu), but determined that INAA produced results closer to literature values and suggested that sample preparation for ICP-MS was the cause. [34] For example, the analysis of REE in geologic samples digested using a 4-acid technique reported values lower than those measured by neutron activation analyses (NAA), likely due to incomplete digestion of highly insoluble mineral phases. [35, 36] In this study we present the concentrations of REE in geologic samples following optimized sample preparation using solid fusion followed by acid digestion and measurement with ICP-MS in kinetic energy discrimination (KED) mode. We present the results of three standard reference materials including two shales and one bituminous coal. While the REE concentrations of these three materials are not all certified, consensus and informational values for many of the REE are published. The results of this study show that high accuracy and good precision can be obtained without the use of correction equations or ion-exchange pretreatment.
Methods and Materials
A Perkin Elmer Nexion 300D ICP-MS with universal cell technology was used for all data collected in this study. The instrument was operated under standard mode as well as using KED mode with He as the collision cell gas. All analyses were completed using 50 ppb In as an internal standard. Solid samples were prepared by mixing pulverized sample (<200 mesh) with calcined LiBO2 (lithium metaborate) at a ratio that varied from 1:10 to 1:4 until optimized recoveries were determined. Prior to fusion, samples are mixed by stirring with a platinum rod in a platinum crucible. Two types of platinum crucibles, 99.95% Pt and 95% Pt/5% Au were employed to determine which material produced the best recovery of REE. The open crucibles were heated to 1100°C for five minutes in a Phoenix microwave muffle furnace (CEM). After fusion, the melt was removed from the oven and allowed to cool to a homogeneous glass. The glass was digested in 5% HNO3 on low heat with continuous stirring. The platinum crucibles were rinsed in triplicate with 5% HNO3 to ensure that the sample glass was completely digested and the sample was diluted to a final volume of 100 ml. These samples were further diluted between 10-100x in 2% HNO3 before analysis to determine the optimal balance between internal standard recovery and limit of detection. For each set of fusions prepared for this study, blank samples containing only the lithium metaborate were prepared and processed identically to the samples. All data presented in this study are blank subtracted.
The effects of sample preparation prior to fusion were also studied. Samples were dried for one hour under nitrogen at 107 o C and ashed for five hours under air at 550 o C using a Leco Thermogravimetric Analyzer (TGA701).
Samples used in this study include the carbon-poor Brush Creek Shale from Pennsylvania (SBC-1), an oil-rich Green River Shale from Wyoming (SGR-1b), and a NIST coal standard (SRM 1632a). Of these standard reference materials, only the SGR-1b has certified values for some of the REE, however published consensus values for the other standards are available for many of the rare earth elements. Additionally, values for many REE were also compared to a certified natural water standard (T221) from the USGS Water Resources Division.
Results
The expected results of the standard reference materials used in this study are presented in Table 1 . The results of different sample preparation and analyzing conditions are presented in Figure 1 . All concentrations are presented on a whole rock, blank-subtracted basis. Effects of sample preparation. For samples with low total organic carbon (TOC) content, including SBC-1, the effects on the recovery of REE of drying and ashing the sample prior to fusion is negligible. The SRM 1632a coal sample with a certified 64.6% carbon concentration does not fuse completely without ashing (results not shown). SGR-1b showed a statistically insignificant improvement in recovery when dried and ashed prior to fusion.
In this study the optimal ratio of fusion flux to sample was determined to be 1:8 using 0.05 g sample and 0.400 g LiBO2. This ratio was determined based on the homogeneity of the glass fused, ease of digest of the glass in 5% HNO3 and on the presence of any undissolved flux in the acid digest.
The crucible material played a significant role in the ease of fusion of the samples used in this study. The samples fused in the 99.95% Pt crucible generated a more homogeneous glass that was much easier to digest in 5% HNO3 compared to the samples fused in the 95% Pt/5% Au alloy crucibles (Figure 1a) . Glasses that formed in the Pt/Au crucible were more likely to form several small, discrete glass beads that were slower to digest in acid and more likely to be lost during sample preparation. The differences in fusion are likely caused by the differences in wettability of the two crucible materials. Pt/Au alloy is a non-wetting surface that doesn't allow for as much adhesion of the glass to the crucible, thereby creating numerous smaller glass beads which can be lost in digestion. All samples were analyzed in both ICP-MS standard operating mode and optimized with KED mode. KED mode allows the user to supply a non-reactive gas (He) that physically interacts with the ionized sample. He physically collides with the largest and most abundant ions in the sample, thereby lowering their kinetic energy and decreasing their likelihood of reaching the detector. KED mode allows the user to analyze samples with higher total dissolved solids without large dilution factors and therefore lowers the detection limit for many elements. The results of using KED mode to detect REE in both the SRM 1632a and SBC-1 samples are shown in Figure 1b .
Figure 1b. Effects of KED mode (black line) compared to standard mode (red line) for recoveries of REE from SRM 1632a (solid line) and SBC-1 (dashed line).
The distinctly low recovery of Tm in the SRM 1632a sample may be attributed to inaccurate published consensus values. The consensus value of 390 µg/kg is based on just 2 measured values, neither of which used ICP-MS. Additionally, the consensus value of SRM 1632 coal, which preceded SRM 1632a, is 300 µg/kg with one reported value of just 110 µg/kg and a large standard deviation. [37] Accurate recoveries of similar and lower concentrations of Tm from SBC-1 and SGR-1b indicate that the methods used in this study should also be accurate for recovery of Tm in SRM 1632a (Fig. 1c) . The optimal conditions that produced the highest recoveries of REE in three standard reference materials are presented in Table 2 . These conditions are optimal for the silicate-based material that dominates the composition of these solids, but may not be suitable for different, non-silicate materials. 
Drawbacks and Limitations
The lithium metaborate fusion and acid digestion technique for analyzing REE in silicate-based geologic samples is not without limitations and drawbacks. For example, analysis of lithium or boron in the sample is precluded by the high concentration of these elements in the fusion flux. Scandium also is poorly recovered from lithium metaborate fused solids due to numerous interferences; BO2 from the metaborate is likely the largest interference at 45 amu. Additionally, limits of detection are typically in the low µg/kg range for the rare earth elements and these values may be too high to quantitatively determine some of the heavier REE in REE-poor silicate rocks (Table 3) . Eu. Methods optimized in this study would not eliminate these errors in samples with very high (i.e., greater than 10-100 mg/kg) barium concentrations.
A secondary issue is that the fusion crucible must be cleaned in between use to ensure that no carryover of sample occurs. Adhesion to or reaction with the walls of the crucible could cause contamination of the sample. Cleaning the crucibles in between use can minimize these issues. In this study crucibles were cleaned in warm water with an acid cleaner\detergent (Citranox), rinsed in triplicate with tap water, rinsed in triplicate with DI water, and then dried in a muffle furnace for 30 minutes at 107 o C. Additionally, the chemistry of the platinum itself can react with the sample and lead to minor leaching of trace metals into the sample. In particular, Pt often contains trace Rh that can leach out into the sample. For this reason Rh should not be used as an internal standard in ICP-MS analyses.
Conclusions
In this study the methods of sample preparation and analysis by ICP-MS were optimized to maximize the recovery of rare earth elements in standard reference materials of geological nature. The results obtained are comparable to a recently published study of REE from coal ash using ICP-MS. Kashiwakura and others obtained calculated recoveries of 92%-118% for certified values of La, Ce, and Eu, and 72%-133% for informational values of Sc, Sm, Tb, Yb, Lu, Y, Pr, Nd, Gd, and Dy in a fly ash standard reference material. [39] These results show that error of ± 10% can be expected even after careful optimization of sample preparation and analysis. Extreme care in sample preparation, equipment calibration, and reducing contamination from lab equipment should be emphasized.
Lastly, certified REE concentrations for natural (non-ore material) geological samples are rare. Consensus and informational values for these standard reference materials are commonly used as quality checks of data produced. Historical data for decades-old standard reference materials collected by techniques that have been replaced by newer technologies should not be expected to agree perfectly. The scientific community would benefit from the production of more geostandards certified in rare earth elements.
The possible recovery of rare earth and other critical elements from abundant coal and by-products is an exciting new research area, representing a dramatic paradigm shift for coal. The rare earth contents of coals and by-products are required in order to determine the most promising potential feed materials for extraction processes.
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